Abstract: It is shown that the transmission of ultrasonic pulses in bovine trabecular bone can be adequately described using Biot's theory. The different parameters involved in this theory have been measured independently and the theoretical results have been compared with experimental data obtained on water filled samples. Although several assumptions and approximations had to be made, the correspondence between theory and experiment is satisfactory.
Introduction
Ultrasonic sound velocity in bone is usually modeled by assuming the bone to be an isotropic elastic solid. In this case the longitudinal velocity is determined by the elastic constants of the bone and its density. Trabecular bone, however, can be highly porous and the interaction between the porous structure and the liquid in the bone should be taken into account. Biot's t h e~r y ' .~,~ describes sound propagation through liquid filled porous media as a function of various structural parameters. The theory predicts the existence of two longitudinal waves (one of which is highly attenuated) and a shear wave. The two compressional waves have been observed experimentally in different materials including sintered glass beads4, plastic foams5 and human and bovine bone6. Recently, the Biot theory has been used to predict the sound propagation through trabecular bone7. However, functional relations have been used between the structural parameters and the elastic modulus and the porosity and no attempt has been made to measure them independently. Moreover, viscous attenuation has not been taken into account.
In this paper, the different structural parameters of 8 samples of bovine trabecular bone are measured independently. It is shown that the theoretical results correlate with experimental data for water saturated samples,obtained with an ultrasonic pulse transmission method.
2. Biot's theory M.A. Biot proposed a semi-phenomenological theory for sound propagation in liquid filled porous media that are macroscopically isotropic. A consequence of this theory is the prediction of a fast compressional wave where the fluid and the solid part of the material move in phase and a slow compressional wave where they move in phase opposition. Due to the high velocity difference between frame and liquid, the slow wave will be highly attenuated and is often difficult to observe. The velocities of the fast and the slow compressional wave are given by :
In this equation, the p, are density terms given by:
where p, is the density of the frame material and p, the density of the fluid in the pores. h is the porosity, i.e. the percentage of liquid in the material and a (a) is given by:
where or is a parameter, called the tortuosity factor which is a purely geometrical factor always larger than 1. The factor b is the permeability (viscous drag) of the porous material and F ( o ) is a function that accounts for the frequency dependence of the microscopic fluid flow patterns in the pores. The simplest expression of F(o) is given b?:
C is a parameter of order 1 which accounts for the shape of the pores. 77 is the viscosity of the liquid. P, Q and R in equation (1) are three phenomenological parameters. Biot succeeded in relating these parameters to independently measurable quantities by use of "gedankenwexperiments. These three parameters can be expressed as a function of the bulk modulus of the frame material Ks (Le. the bulk modulus of the solid bone filaments making the frame), the bulk modulus of the frame K,, the modulus of the fluid Kg and the shear modulus of the frame N. We now assume that when a bone sample is compressed, this results in a bending and displacing of the bone filaments and not in a compression of the bone material itself. This is a reasonable assumption for highly porous materials. In this case, the bulk modulus of the frame material is much higher than the bulk modulus of the frame and the relations for P,Q, and R become :
In the next paragraph, we will explain how the different parameters can be measured independently.
Determination of the material parameters
The porosity of a porous sample can be determined in different ways. If the material can easily be saturated with a liquid, the simplest method to measure h is to measure the change in height of a water column in a recipient when the sample is immersed and al1 the air is drained from the pores.
If al1 the pores are interconnected and if no closed cells are present, the density of the frame material can be determined from the apparent density of the porous material.
The tortuosity is an important parameter in the Biot theory and determines the mass coupling between fluid and solid. It expresses the sinuosity and change in diameter of the pores. The tortuosity can be measured with the experimental setup described in ref 3. The sample is saturated with a conducting liquid (e.g. a saline water solution). A small electrical current is directed through the sample and the potential difference across the sample is registered. The tortuosity is than given by a = ha, / of ,with a, the electric conductivity of the sample filled with the conducting liquid and a, the conductivity of the liquid. governs the attenuation in the material, but it is less important for the velocity of the fast wave. The Biot theory also requires a phenomenological parameter of order 1 to describe the influence of the pore geometry (see equation 4). This parameter has only a minor effect on the sound speed of the fast wave and has been put equal to 1 in the rest of this study.
The bulk modulus Kb and the shear modulus N (or equivalently the two Lamé constants) of the frame are the most difficult to measure. However, because of the approximation made in the equation 5, the elastic moduli of the frame intervene only as the combination Kb + 4 / 3N, the value of which can be determined with the following experiment. The liquid is drained from the pores and replaced by air. Due to the tremendous difference in density between the frame and air, partial decoupling of the Biot waves occurs3. The slow wave propagates in the fluid and the fluid particles do not have enough mass to generate a motion in the heavy solid frame. The fast wave travels in the solid frame and some air particles move along with the frame. The velocity of the fast wave will approximate the velocity in the frame as measured in vacuum and is given by:
Measuring the pulse transit tirne on a sample with the pores filled with air results in a value for Kb + 413 N.
Measuring results
The different parameters have been measured on 8 samples of bovine trabecular bone. The samples were cylinder shaped with a diameter of 3 cm and a length varying between 1.9 and 4.4 cm. The trabeculae appeared to be randomly oriented and al1 samples were fairly homogeneous. The measuring results of the different parameters are given in Table 1 . 
The velocity of the fast compressional wave of the water saturated samples has been measured at three different frequencies by measuring the pulse transit time with two identical transducers attached to each face of the cylinder samples. The results, together with the predicti- Velocity of the fast compressional wave compared to predictions of the Biot theory.
These results indicate a satisfactory agreement between theory and experiment.
Conclusion
It has been shown that the propagation of ultrasonic pulses through bovine trabecular bone can be adequately described using Biot's theory. The different parameters occurring in the theory have been measured independently and the calculations have been compared with measured velocities of water saturated bone samples. The theory should allow to study a change in structural parameters on the sound velocity (see ref 8) and can therefore be used to interpret ultrasonic measurements on bone samples. 6 . References
